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Introduction
Hydrogels have been extensively used as scaffolds in regenerative medicine applications due to their high hydration, biocompatibility, and biodegradability [1] [2] [3] . However, they often need to be electrically conductive and mechanically robust to be capable of regulating behaviors of electrically active cells, for example neural and skeletal muscle cells 4 . In particular, conductive hydrogels are helpful in tissue fabrication because they allow enhanced electrical stimulation (ES) of cells [5] [6] [7] . Conductive and mechanically robust gels have other applications in biomedicine, for instance in biosensing 8, 9 , as functional materials in electronics-biology interfaces 10, 11 , as bioactuators 12, 13 , and in drug delivery 14, 15 .
Nanomaterials have been employed to increase the mechanical characteristics and conductivity of scaffolds 12 . For instance, we recently showed that carbon nanotubes (CNTs)
can be incorporated into gelatin methacryloyl (GelMA) making it an electrically conductive hydrogel with moderately high Young's modulus for cell encapsulation studies 16 . The CNT network structure in GelMA reinforced the gel-CNT materials. Following this work, we anisotropically aligned CNTs in GelMA hydrogels. GelMA-aligned CNT hydrogels resulted in anisotropically conductive hydrogels compared with pure GelMA and GelMA gels having random CNTs 17 . GelMA gels containing aligned CNTs were more efficient in the fabrication of muscle tissues using the ES applied along the aligned CNTs compared with pristine and GelMA-random CNT hydrogels, most likely because of the superior and anisotropic electrical conductivity of GelMA-aligned CNT hydrogels. Gold nanomaterials have also been employed to enhance the electrical conductivity of alginate hydrogels 18 . Hybrid alginategold hydrogels were superior to pristine alginate hydrogels in ES of heart and neural cells. Other commonly used nanomaterials to enhance the properties of hydrogels include carbon nanofibers 19 , graphene-based nanomaterials 20 , and polymeric nanosheets 21 .
Metallic glasses are amorphous alloys having a glass transition temperature. They possess unique properties, such as ultrahigh strength and flexibility compared with conventional crystalline metals 22 . Other advantages of metallic glasses over conventional metals are high wear and corrosion resistance. This is because they lack crystal dislocations and grain boundaries, which often lead to a decreased strength and corrosion resistance of materials 23 .
They have particularly high corrosion resistance in biological media compared with conventional crystalline metallic biomaterials 24, 25 . In addition, they can be formed with a wide range of alloy compositions allowing the design and fabrication of these materials with non-toxic elements. In our previous works, we fabricated metallic glass sub-micron wires (MGSMWs) having extremely long length and structural stability [26] [27] [28] . However, to our knowledge, there has been no report on the biomedical applications of MGSMWs. We believe that hybrid MGSMW-hydrogel scaffolds can provide electrically conductive and mechanically strong gels for different biomedical applications. Compared with other aforementioned nanomaterials, MGSMWs are easier to fabricate and cheaper. Furthermore, large quantities of MGSMWs can be obtained in a short time without using toxic chemicals, making them suitable for biomedical applications without the need of further purification. MGSMWs can be provided with tunable composition and physical characteristics (e.g. diameter and length) making them promising nanomaterials for various biomedical applications. Interestingly, alloys of Pd are sensitive to hydrogen in molecular form. Upon adsorption of hydrogen, the Pd lattice expands resulting in an increase in the electrical resistance of the alloy that is proportional to the amount of dissolved hydrogen in the medium 29 . Therefore, monitoring the resistance of PdMGSMWs can be a useful technique to quantify the biodegradation of certain type of implants, such as magnesium that release hydrogen upon the degradation.
In this investigation, we used PdMGSMWs to enhance the conductivity and stiffness of GelMA gels. Electrical properties and stiffness of GelMA gels containing PdMGSMWs and pure GelMA hydrogels were measured and compared. Biocompatibility and the ability of hybrid GelMA-PdMGSMW gels to regulate the behaviors of skeletal muscle cells were also demonstrated.
Materials and methods

Materials
Materials and their suppliers are listed as follows: Indium tin oxide (ITO)-coated glass slides (Sanyo Vacuum Industries Co., Ltd., Japan); penicillin/streptomycin (P/S); methacrylic anhydride; and gelatin (Sigma-Aldrich Chemical Co., USA); fetal bovine serum (FBS) (Bioserum, Japan); 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959) (Ciba Chemicals, Osaka, Japan); and trypsin/EDTA; Dulbecco's modified Eagle medium (DMEM); MEM nonessential amino acid; insulin; MEM essential amino acid (Invitrogen, USA).
Synthesis of GelMA hydrogel
GelMA prepolymer was synthesized as previously described 30 .
Briefly, gelatin (6 g) was mixed with methacrylic anhydride (12 mL) in Dulbecco's phosphate-buffered saline (DPBS) for 1 hr at 50°C to obtain ~80% degree of amine conversion. A 12-14 kDa dialysis membrane was used to dialyze the mixture against distilled water (at 40°C) for 1 week. The mixture was then lyophilized for 1 week. GelMA polymer and 1% (w/v) photoinitiator (Irgacure 2959) were dissolved in DPBS at 60°C. 27 . About 3 g of the alloy was melted in a quartz crucible using an induction heating system. The melted alloy was forced through the crucible nozzles and was blown into particles and wires by high speed gas jets. Size and shape of the wires mainly depend on the viscosity of melted alloys and the pressure of gas jets. Here, the heating temperature and gas pressure were 793 K and 10 MPa, respectively, to fabricate the PdMGSMWs. 
Synthesis and characterization of PdMGSMWs
Mechanical characteristics of GelMA and GelMA-PdMGSMW gels
The force-deformation curves obtained using atomic force microscopy (AFM) (MultiMode 8 AFM (Bruker Co., USA)) were used to quantify the mechanical characteristics of GelMA and GelMA-PdMGSMW gels 32 . A 1.0-µm radius colloidal probe (PT.GS, Novascan Technologies, USA) was used in the AFM cantilever. The thermal noise method was used to obtain the spring constant of cantilever 33 . The Derjaguin, Muller, and Toporov theory 34 was employed to calculate the Young's modulus values.
Cell culture
C2C12 myoblasts and NIH 3T3 fibroblasts were cultured in DMEM contained 1% P/S and 10% FBS. Trypsinization was done using trypsin/EDTA after the cells reached ~80% confluency. All cell culture experiments were performed in accordance with the guidelines set by Tohoku University in an approved biosafety level 2 laboratory.
Preparation of cell-laden hydrogels
For the cell encapsulation in pristine GelMA and GelMAPdMGSMW gels, the cells (cell density=1 × 10 7 cells/mL) were suspended in 5% (w/v) prepolymers and then thoroughly mixed with the gels to make a homogeneous cell-laden prepolymer. The samples were then subjected to the UV light (Hayashi UL-410UV-1; Hayashi Electronic Shenzen Co., Japan) for 60 s to make the three-dimensional (3D) cell-laden hydrogels. The UV exposure time was optimized to be sufficient to crosslink the gels while do not affect the viability of cells within the gels. The preparation method of 3D cellladen GelMA-PdMGSMW hydrogels along with the phase contrast images of 3D cell-laden GelMA-PdMGSMW hydrogels at days 0 and 1 are shown in Supplementary data, Figures S1 and S2.
Analysis of cell viability and proliferation
Live cells in 3D pristine GelMA or hybrid GelMA-PdMGSMW hydrogels were identified using a calcein AM/ethidium homodimer live/dead assay (Invitrogen, USA). Five 10x magnified pictures of two replicated experiments were used for the quantification of live cells using NIH ImageJ software. The cell proliferation rate on each day of culture was calculated as the ratio of the number of live cells on that day to the number of live cells on day one of culture.
Immunostaining of C2C12 myoblasts
C2C12 myoblasts were stained as previously described 35, 36 .
Briefly, the cells were treated using 3-4% paraformaldehyde for 12 min. The cells were permeabilized using 0.3% Triton X-100 in 5 min. The samples were then treated with 5% bovine serum albumin in DPBS for 15 min to block unspecific binding of the antibodies. The immunostaining procedure was done with AlexaFluor® 594 (Invitrogen, USA) and 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories Inc., USA) to quantify F-actin and cell nucleus, respectively. The aspect ratio parameter is defined as the ratio of long axis to short axis of the cell nucleus. Two hundred cells from two independent experiments were considered to determine the aspect ratio values. The aspect ratio of C2C12 myoblasts was calculated with NIH ImageJ software.
Immunostaining of C2C12 myotubes
C2C12 myotubes were fixed, permeabilized, and blocked as detailed in the previous section. Fast skeletal myosin of myotubes was revealed using a mouse antibody (ab-7784, Abcam®) diluted 1000 times in DPBS at 4°C for 24 hr. After 3 times washing the sample with DPBS, it was exposed to the goat anti-mouse AlexaFluor® 488 antibody (Invitrogen, USA) diluted 1000 times in DPBS at 37°C for 1 hr. DAPI and Alexa Fluor® 594 were used to show nuclei and F-actin of C2C12 myotubes, respectively.
Electrical stimulation of C2C12 myotubes
C2C12 myotubes were electrically stimulated using two Pt electrode bands (10 mm apart) deposited on a glass slide using conventional lithography technique 37 . During the ES of C2C12 myotubes, differentiation medium (DMEM with 1 nM insulin, 1% MEM with nonessential amino acid, 2% MEM essential amino acid, 2% horse serum, and 1% P/S) was used. A function generator (WF 1946B Multifunction Synthesizer; NF Co., Japan) was used to apply electrical pulses. A specified ES regime (voltage 4 V, frequency 1 Hz, and duration 10 ms for 2 continuous days) was applied at day 8 of culture. This ES regime was in the range of physiologically relevant stimulations (i.e. frequency 0.5-5 Hz, pulse amplitude, and duration) that activate an action potential in skeletal muscle cells releasing calcium ions from the sarcoplasmatic reticulum and subsequently cause muscle contraction 38 . Stimulus polarity was changed every 8 hr over the stimulation time.
RNA extraction and complementary DNA (cDNA) synthesis
Liquid nitrogen was used to fix the cells. The cells were then powdered using a pestle and mortar. β-mercaptoethanol was used to extract the RNA from the cells. The RNA was then purified using an RNeasy © Micro Kit (Qiagen, Netherlands). A QuantiTect Reverse Transcription kit (Qiagen, Netherlands) was used to reverse-transcribe 3 µg of total RNA. 12 µL of sample was diluted with gDNA wipeout buffer (4 µL) and RNase-free water (14 µL) to synthesize the cDNA. The sample was kept at 42°C for 2 min and then the temperature was decreased to 4°C. The Reverse Transcriptase primer mix and Quantiscript Reverse Transcriptase were mixed with the sample and it was kept at 42°C for 15 min and then heated up and kept at 95°C for 3 min. The sample was incubated at 4°C.
PCR experiment
The primers (Operon Biotechnologies, Japan) had the sequences detailed in Table 2 6, 39 . The PCR was done by the LightCycler FastStart DNA Master SYBR Green 1 reaction mix (Roche, Germany) (14 µL), Roche LightCycler 1.5 (Roche, Germany) cDNA (2 µL), and primer set (2 µL). A denaturation procedure was performed at 95°C for 10 min. The PCR was then done over 45 cycles using a melting curve (95°C for 10 s, 62°C for 10 s, and 72°C for 20 s). The gene expression level was normalized to that of the GAPDH gene 40 . The PCR experiments were repeated four times.
Oxygen flux measurements
The fabrication of Pt microelectrodes for the scanning electrochemical microscopy (SECM) measurements was described elsewhere 41 . were the average of 6 independent measurements in forward and backward scanning modes relative to the sample position.
Statistical analysis
Statistically significant differences were revealed using a oneway ANOVA and a post hoc analysis. A Tukey-Kramer all pairs post hoc analysis was used for the groups having equal variances and normal distribution, otherwise we used a SteelDwars all pairs non-parametric post hoc analysis. All repeated data sets are shown as the average ± standard deviation and p<0.05 were labeled as significant.
Results and discussion
Here, PdMGSMWs were produced from the gas atomization of Pd 42.5 Cu 30 Ni 7.5 P 20 (atomic %) alloy. This is a facile and versatile technique to produce high quantities of wires of different metallic glasses 27 . Scanning electron microscopy (SEM)
pictures of the sub-micron wires (Figure 1a ) revealed that they were highly dense and had a smooth surface. The distribution of PdMGSMW diameters is nearly gaussian, as shown in Figure  1b . In addition, we could easily handle the PdMGSMWs using tweezers.
GelMA and GelMA-PdMGSMW gels containing 0.5 and 1.0 mg/mL PdMGSMWs were prepared to evaluate the effect of PdMGSMWs on the electrical properties of GelMA hydrogel. The hydrogels were confined between two glass slides coated with ITO to obtain accurate conductivity measurements for hydrogels. The electrode area and spacing of the devices were 1.2 cm 2 and 50 μm, respectively. Figure 1c summarizes the results of electrical measurements. As shown in Figure 1c -1, the current-voltage (I-V) curve of the device containing pristine GelMA exhibited a nonlinear behavior. As the applied voltage exceeded 3 V, GelMA became conductive due to electrolysis of the medium (i.e. DPBS). Before the occurrence of electrolysis, pristine GelMA had a high resistance that could not be quantified with our measurement system. In contrast, the hybrid GelMA-PdMGSMW hydrogels displayed an ohmic behavior with an increased conductivity. The resistances of hybrid GelMA-PdMGSMW hydrogels were extracted from the slope of the plots and almost inversely proportional to the amount of embedded wires. The ohmic resistances were 19.2 and 33.5 Ω for 1.0 and 0.5 mg/mL of PdMGSMWs in hybrid gels, respectively. The observed discrepancy in the above trend was mainly contributed to the inhomogeneity of PdMGSMW spreading in GelMA hydrogels. Table 1 shows the resistivities of the hybrid hydrogels versus the concentration of embedded PdMGSMWs measured at 100 Hz. Taken together, these results demonstrate the feasibility of tuning the conductivity of GelMA hydrogels by the concentration of embedded nanowires. The Bode plots of the device impedance (Figure 1c -2) demonstrate that pristine GelMA gels showed a purely resistive behavior at frequencies above 5 kHz. In other words, the magnitude of impedance, |Z|, remained constant while its phase, ∠Z, became zero. In comparison, the GelMAPdMGSMW showed less resistance throughout the studied range of frequency.
We applied the measured frequency response to a Randels' equivalent circuit and computed the variation of parallel resistance, R p , and capacitance, C p , with frequency ( Figure 1c-3 ) similar to a previous study 43 . The series resistance, R s , for all underlying gels was less than an ohm and therefore negligible. The R p values at all measured frequencies for hybrid gels were significantly lower than those for pristine GelMA gels. Note that the mobility of ions in the hydrogels are limited, as a result, not all of the electrode area was charged by ions at high frequencies causing the capacitance to roll-off in a similar fashion to electrolytic capacitors. These results clearly show the significant role of PdMGSMWs to enhance the electrical conductivity of GelMA hydrogels. An AFM-based technique was employed to reveal the stiffness of pristine GelMA and GelMA-PdMGSMW hydrogels containing 0.1 and 0.2 mg/mL PdMGSMWs. The stiffness for pure GelMA was 0.47±0.12 kPa, while it was increased to 1.03±0.64 and 3.99±1.35 kPa for GelMA-PdMGSMW hydrogels reinforced with 0.1 and 0.2 mg/mL PdMGSMWs, respectively (Supplementary data, Figure S3 and Figure 1d ), likely due to the web-like structure of PdMGSMWs within hydrogels. The pristine GelMA was too soft requiring a specific AFM cantilever for characterizing its mechanical properties. The cantilever was not able to quantify mechanical properties of hybrid GelMA gels containing more than 0.2 mg/mL PdMGSMWs. Therefore, mechanical properties of hybrid gels were reported up to 0.2 mg/mL PdMGSMW concentration. A common approach to increase the mechanical properties of hydrogels is to use higher concentration or molecular weight of hydrogel precursors, which often limits their applications for cell-based studies. For instance, increasing the stiffness of GelMA gels by adding the concentration or molecular weight of functional groups decreased cell migration, viability, and proliferation in the hydrogels 44 . In this regard, PdMGSMWs show a significant effect on mechanical properties of hydrogels. In addition, we did not observe any structural change in GelMA-PdMGSMW hydrogels over their culture time because of stable and interconnected network of the wires in the gels. One mg/mL PdMGSMWs were sufficient to increase electrical conductivity and stiffness of GelMA hydrogel significantly. Therefore, we assumed that this PdMGSMW concentration was selected for following cell-based studies assuming that it would have significant effects on cellular behaviors cultured in the gel. To ensure that the developed gels could be used for cell-based applications, we evaluated the biocompatibility of hybrid GelMA-PdMGSMW hydrogels ( Figure 2 ). The 3D cell-laden hydrogels were prepared as shown in Supplementary data, Figure S1 . The differences between the viability of fibroblasts in pristine GelMA and GelMA-1.0 mg/mL PdMGSMW hydrogels were not significant during 2 days of culture (Figure 2c) . Even though the PdMGSMW concentrations of less than 1.0 mg/mL had significant effects on the electrical and mechanical properties of hybrid GelMA-PdMGSMWgels, we chose the highest concentration of PdMGSMWs used in hybrid GelMAPdMGSMW gels (i.e. 1.0 mg/mL) as it maintained a high level of biocompatibility. A high percentage of viable cells encapsulated in GelMA-1.0 mg/mL PdMGSMW gels at days 1 and 2 of culture (96.7±2.6 and 97.1±0.9%, respectively) indicated that PdMGSMWs are not cytotoxic. The biocompatibility of metallic glasses to cells and tissues has been shown both in vitro and in vivo conditions 45, 46 .
Interestingly, metallic glasses can be biodegradable and their biodegradation rate can be tuned with minimal hydrogen release, which is difficult to obtain using crystalline alloys 47, 48 .
Results of muscle cell proliferation (Figure 2d) showed that there was no significant difference between the cell proliferation in the pristine GelMA and GelMA-PdMGSMW hydrogels.
We further evaluated the effect of adding PdMGSMWs to hydrogels as a tool to regulate the behavior of C2C12 myoblasts. The morphology, adhesion, and spreading of C2C12 myoblasts within pristine GelMA and GelMA-PdMGSMW hydrogels were assessed at days 1 and 2 of culture by visualizing the cytoskeletal structures of cells (Figure 2b) . The C2C12 myoblasts cultured in GelMA-PdMGSMW hydrogels were more elongated than those cultured in pristine GelMA hydrogels. The aspect ratio values of cell nuclei were 1.36±0.26 and 1.32±0.15 for muscle cells encapsulated in pristine GelMA hydrogels at days 1 and 2 of culture, respectively, while these values were 2.88±0.88 and 2.95±0.71 for muscle cells cultured in GelMA-PdMGSMW hydrogels (Figure 2e ). This is likely due to combined morphological and electrical characteristics of PdMGSMWs in GelMA hydrogels for muscle cells as to increase favorable sites for the cellular adhesion and elongation. We also previously confirmed that C2C12 myoblasts are highly sensitive to morphology and conductivity of substrates and showed higher adhesion and spreading on the conductive surfaces with CNTs compared to the surfaces without CNTs 21 .
It has been demonstrated that elongation of C2C12 myoblasts is one of the earliest stages of myotube formation 49, 50 . Cell nuclear shape has been shown to be correlated with cell adhesion, spreading, and differentiation 30 . Pictures of C2C12 myoblasts at day 0 of differentiation are shown in Figure S4 . The C2C12 myoblasts in both pristine GelMA and GelMAPdMGSMW hydrogels were reached almost a complete confluency before inducing the differentiation. There was no room for the cells in the pristine GelMA to enhance their elongation and reach the cell elongation in the GelMAPdMGSMWhydrogels. Therefore, we hypothesized that muscle cells in GelMA-PdMGSMW hydrogels would form more myotubes and therefore make more functional muscle tissues compared with those cultured in pristine GelMA hydrogels. Figure 2f demonstrates the expression levels of genes pertaining to adhesion and proliferation (i.e. collagen type I, β1 integrin, and focal adhesion kinase (FAK) genes) and focal adhesion components (i.e. vinculin gene) for C2C12 cells cultured in pristine GelMA and GelMA-1.0 mg/mL PdMGSMW hydrogels. A significantly higher expression of underlying genes for the muscle cells cultured in GelMA-1.0 mg/mL PdMGSMW hydrogels was observed compared with that in pristine GelMA hydrogels. For example, β1 integrin gene was expressed 300 times more for the C2C12 myoblasts in GelMAPdMGSMW gels than that in pristine GelMA gels. These results indicate that GelMA-PdMGSMW hydrogels were more favorable in regulating the adhesion and spreading behaviors of muscle cells compared with pristine GelMA hydrogels most likely because of the biophysical cues of PdMGSMWs in hybrid gels. Enhanced adhesion and spreading of muscle cells in GelMA-PdMGSMW hydrogels compared with pristine GelMA hydrogel are not an electro-active cell specific. Therefore, GelMA-PdMGSMW hydrogels can be used to increase adhesion and spreading of other anchorage-dependent cells.
Pristine GelMA and GelMA-1.0 mg/mL PdMGSMW gels were also evaluated in differentiation of C2C12 myoblasts to myotubes. C2C12 myoblast differentiation cultured in the 3D GelMA gels was confirmed by the immunostaining of α-actin and myosin heavy chain proteins as a standard measure of myotube formation (Figure 3a-3d ) 51 . The cross-striation was also observed for both myotubes in pristine GelMA and GelMA-PdMGSMW hydrogels showing maturation of the fabricated muscle tissues (Figure 3a-3d ). C2C12 myotubes encapsulated in pristine GelMA and GelMA-1.0 mg/mL PdMGSMW hydrogels were exposed to ES after 8 days of culture for 2 days. Non-stimulated C2C12 myotubes at day 10 of culture were used as the control samples. The contraction movies of electrically stimulated myotubes in both hydrogels were also taken (Supplementary data, Movies S1 and S2). We characterized the contractility of the myotubes using an arbitrary binary number (i.e. contraction flag). This number is defined 'one' when the amplitude of myotube contraction exceeds a certain threshold value. Otherwise, it shows 'zero'. The amount of myotube contraction was extracted by analyzing the pixel intensity of the movies captured with a frequency of 5 frames per second. Figure 3e shows the plots of contraction flags versus the frame number for the myotubes grown in pristine GelMA and GelMA-1.0 mg/mL hydrogels. Beating score numbers obtained by the summation of the pulses over time (i.e. frame number) were 29 and 68 for the myotubes in the pristine GelMA and the PdMGSMW containing hydrogels, respectively, indicating the myotubes in GelMA-1.0 mg/mL PdMGSMW gels (Supplementary data, Movie S1) had higher contraction compared with those in GelMA gels (Supplementary data, Movie S2). The ES resulted in a continuous contraction of myotubes. Electrophysiological activity and force generation of engineered muscle constructs can be controlled using ES for drug screening and bio-actuator applications 52, 53 . Such engineered tissue models with Please do not adjust margins
Please do not adjust margins controllable differentiation and physiological activity are of potential use for drug discovery applications. Figure 3f demonstrates the expression of genes related to the maturation and contraction of C2C12 myotubes cultured within pristine GelMA and GelMA containing 1.0 mg/mL PdMGSMWs with/without applying ES. The gene analysis results show that GelMA-1.0 mg/mL PdMGSMW gels enhanced the differentiation and contraction of muscle cells compared with pristine GelMA gels particularly after applying the ES. The effect of electrical conductivity of the gels on the myogenesis process was simply revealed by comparing the maturation of different muscle myotubes (one with applying ES and another without applying ES) cultured in the same gel. Electrical conductivity of hydrogel positively affects the yield of ES for the maturation of muscle myofibers. Accordingly, we concluded that higher maturation of stimulated C2C12 myotubes in the GelMA-PdMGSMW gel compared with that in the pristine GelMA gel is primarily due to higher electrical conductivity of the GelMA-PdMGSMW gel.
SECM is a scanning probe microscopy method that has been used to measure the respiratory activity of biological cells based on redox reactions taking place at the cell-probe interface upon applying a specific potential 54, 55 . Here, SECM was employed to quantify the respiratory activity of C2C12 myotubes cultured in pristine GelMA and GelMA-1.0 mg/mL PdMGSMW hydrogels as shown in Figure 4 . The fluxes of oxygen were measured for both non-stimulated and electrically stimulated muscle cells. 56 . Although the cell density in all cell-laden hydrogels was kept constant at 1 × 10 7 cells/mL, the possibility of having different cell densities among different hydrogel samples during the oxygen flux measurements could not be ruled out. However, since the Pt microelectrode for the oxygen flux measurements was carefully adjusted on a single myotube, the differences between the oxygen flux values may not be affected by the proliferation rate of muscle cells in the hydrogels. The oxygen flux values were calculated using the Fick's law and the linear relationship of current and distance as shown in Supplementary data, Figure S5 . The oxygen mass transfer rate of GelMA and GelMA-1.0 mg/mL PdMGSMW hydrogels as the negative control samples were measured to be 8.3±1.9 × 10 -13 and 7.4±2.0 × 10 -13 mol cm -2 s -1 , respectively, which are negligible. The results showed that GelMA-PdMGSMW gels significantly improved the metabolic activity of muscle cells compared with pristine GelMA gels. Although some increase was observed in the metabolic activity of cells in the pristine GelMA hydrogel with and without the ES, the metabolic activity of cells in the GelMA-PdMGSMW hydrogel was not affected by the ES. C2C12 metabolism has a direct relationship with cell adhesion 57 . It seems that adding PdMGSMWs to
GelMA gels saturated oxygen consumption of cells in the gel.
The mesh-like structure of PdMGSMW in the hybrid gels also did not adversely affect nutrient diffusion and thereby metabolic activity of cells in the hybrid gels because the GelMA-PdMGSMW hydrogels always showed a higher respiratory activity in contrast with the pristine GelMA hydrogels. In addition, the oxygen flux measurements for pristine GelMA and GelMA-PdMGSMW hydrogels without cells were not statistically different. In general, SECM can characterize electrochemical behaviors of biological samples with high spatial resolution, locally, and under physiological conditions 56, 58 . Unlike conventional assays to characterize metabolic activity of muscle cells, the SECM provides a rapid and direct measurement of such phenomenon without some uncertainty associated with fluorescence labeling and characterization of muscle cells 59 . 
Conclusions
In summary, the PdMGSMWs significantly enhanced the electrical conductivity of pristine GelMA gels. Biocompatible hybrid GelMA-PdMGSMW hydrogels were shown to be more favorable in regulating the adhesion, spreading, and differentiation of encapsulated skeletal muscle cells compared with pristine GelMA gels. Novel GelMA-PdMGSMW hydrogels may find utility in drug screening, development of functional materials for electronics-biology interfaces, and tissue fabrication. Oxygen flux values of pristine GelMA and hybrid GelMA-1.0 mg/mL PdMGSMW hydrogels and C2C12 myotubes in pristine GelMA and GelMA-1.0 mg/mL PdMGSMW hydrogels with and without applying the electrical stimulation denoted as +ES and -ES, respectively. Asterisks indicate significant differences between samples (*p < 0.05). 
